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Abstract 
In optics fields, an extremely smooth surface with a complex form is necessary for the lens and mirror used in advanced optical 
systems, although their surfaces are still difficult to polish. Here, we describe the machining of steeply curved surfaces by rotating-
sphere EEM (elastic emission machining). Thus far, the use of rotating-sphere EEM has been limited to flat and gradually curved 
surfaces in spite of its high performance. We demonstrated the successful application of rotating-sphere EEM to a glass cylinder, 
resulting in a decrease in RMS (root mean square) surface roughness from 0.30 to 0.16 nm.  
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1. Introduction 
In advanced optics fields such as extreme ultraviolet 
(EUV) lithography and X-ray microscopy, in which 
remarkable progress has been made in recent years, 
extremely smooth surfaces are required for optical 
devices because they utilize light with extremely short 
wavelengths. Moreover, with the development of optical 
systems and light sources, demand is increasing for not 
only extremely smooth surfaces but also surfaces with 
complex forms including free forms [1]. 
Our group is aiming to fabricate an ellipsoidal mirror 
for soft X-ray microscopy with a long and narrow 
concave shape. Instead of machining the internal surface 
of the mirror, we first manufacture a glass mandrel, and 
then form a mirror on the mandrel surface using 
electroforming. 
We attempted to form an extremely smooth surface 
on a steeply curved mandrel using rotating-sphere EEM 
(elastic emission machining). In this paper, we describe 
a polishing experiment carried out on a glass cylinder 
resembling a mandrel utilizing rotating-sphere EEM. 
2. Ellipsoidal mirror for soft X-rays 
2.1. Ellipsoidal mirror for soft X-rays 
The ellipsoidal mirror is one of the optical elements 
used for concentrating X-rays and has excellent 
characteristics, for example, a large aperture, a long 
working distance, chromatic aberration-free optics and 
nanometer-size focusing. As its name suggests, the 
mirror has an ellipsoidal internal figure. The mirror
concentrates light emitted from a light source placed on 
one focal point at the other focal point. Because short-
wavelength light such as the 2.4 nm soft X-rays used for 
soft X-ray microscopy is reflected effectively when the 
angle of incidence is very small, an ellipsoidal mirror 
entails a deep and narrow concave shape, for example, 
with a major axis of 6500 mm and a minor axis of 50.6 
mm. An illustration of an ellipsoidal mirror focusing soft 
X-rays and a photograph of a prototype ellipsoidal 
mirror are shown in Fig. 1. 
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Fig. 1. (a) Focusing of soft X-rays with ellipsoidal mirror.  (b) 
Prototype ellipsoidal mirror. 
2.2. Manufacture of  ellipsoidal mirror 
In general, the reflectivity of a mirror is strongly 
affected by its roughness when light with a very short 
wavelength is reflected. Here, the roughness is 
characterized by spatial wavelength ranges shorter than 
sub-millimeter. Likewise, light is scattered by surface 
errors with a medium- to long-spatial wavelength. 
Moreover, in our manufacturing process, a decrease in 
mirror surface quality is inevitable when the mirror is 
formed on a mandrel by electroforming; thus, the 
mandrel surface has to be finished more precisely and 
smoothly than the required level for the mirror surface. 
For example, an RMS (root mean square) mandrel 
surface roughness of 0.138 nm is necessary to obtain an 
RMS mirror surface roughness of 0.266 nm [2]. 
To fabricate a precise and smooth mandrel, we carry 
out two finishing processes for a prefinished mandrel 
(Fig. 2). One is fine polishing by rotating-sphere EEM, 
and the other is shape correction by nozzle-type EEM. 
The fine polishing is performed before the shape 
correction because the fine polishing might cause figure 
deformation. As nozzle-type EEM also has a smoothing 
property at high spatial frequencies [3], the highly 
smooth surface obtained by rotating-sphere EEM is 
preserved even after the figure correction process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Prefinished mandrel. 
3. EEM (elastic emission machining) 
EEM (elastic emission machining [4]) is an ultra-
precise machining method using chemical reactions 
between a work and an abrasive. The mechanism of 
EEM is as follows. The abrasive is suspended in pure 
water and it flows over the work at a high speed along 
with the flow of water. When an abrasive particle comes 
in contact with the work surface, a chemical bond is 
created between them. As each particle flows past the 
surface, chemically bonded atoms are removed from the 
work surface. During the EEM process, the atoms of the 
work surface are chemically removed at the atomic level 
[5]. Hence, the work surface can be finished with no 
defects [6]. In addition, projecting atoms are removed 
selectively from the work surface. These characteristics 
of EEM enable ultra-precise machining and effective 
planarization. In most cases, silica particles with 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Illustrations of two types of  EEM method. (a) Nozzle-type 
EEM. (b) Rotating-sphere EEM. 
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submicrometer diameters are used as abrasives, and 
glasses, Si and SiC can be processed [6-8]. 
There are two types of EEM method according to the 
means used to create the slurry flow. One is nozzle-type 
EEM, in which a jet flow of compressed slurry is 
sprayed from a thin nozzle (Fig. 3(a)). Nozzle-type EEM 
is suitable for NC machining with dwelling time control 
because it has the ability to create a submillimeter-size 
footprint with a stable removal rate [9]. The other type is 
rotating-sphere EEM, in which a laminar flow is created 
by pressing a rotating sphere against a work, both of 
which are immersed in slurry (Fig. 3(b)).  
4. Rotating-sphere EEM 
4.1. Rotating-sphere EEM 
Although the rotating sphere is pressed against the 
work with a certain load during the EEM process, they 
do not come in contact owing to the elastohydrodynamic 
lubrication (EHL) generated between them. Part of the 
sphere surface reaches a submicrometer distance from 
the work surface [10,11], where the EEM process takes 
place. 
A schematic of the apparatus used for rotating-sphere 
EEM is shown in Fig. 4. In brief, it consists of a gate-
form frame, a spindle suspended from the frame and a 
work tank filled with slurry. The sphere is fixed on the 
spindle tip and immersed in the slurry with the work. 
The sphere is a plastic disk with suitable elasticity. All 
of the sphere except for the equator is removed because 
it does not come close to the work surface. The sphere 
surface is finished to mirror surface with submicrometer 
circularity. In addition to these basic elements, the 
spindle has a vertical feed mechanism and the work 
holder has a horizontal feed mechanism to enable scan 
processing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Schematic view of apparatus used for rotating-sphere EEM. 
4.2. Planarization characteristic of rotating-sphere EEM 
Rotating-sphere EEM is a very effective and simple 
method for creating an extremely smooth and flat 
surface in the laboratory. By scanning the rotating 
sphere on a work, an RMS surface roughness of 0.1 to 
0.2 nm with no defects can be obtained. 
As an example, we performed raster scan polishing 
on a pre-EEM-polished flat glass work over an area of 
5  5 mm by moving the sphere up and down at a 
constant speed and feeding it from left to right on the 
work. The machining condition is shown in Table 1. The 
surface profiles obtained with a white light 
interferometer (ZYGO, NewView 700) before and after 
one scan are shown in Fig. 5. Through the process, the 
RMS surface roughness and surface error decreased 
from 0.326 to 0.163 nm at short- to medium-spatial 
wavelengths ranging from a value less than 10 μm to 
100 μm. Note that increasing the number of scans helps 
attain a better surface [11]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Surface profiles of flat glass work. (a) Before process (RMS 
roughness 0.326 nm). (b) After one scan by rotating-sphere EEM 
(RMS roughness 0.163 nm). 
Table 1. Experimental conditions. 
Work Flat glass (S-BSL7, Ohara Inc.) 
Diameter of rotating sphere 60 mm 
Rotation speed 750 rpm 
Load 0.43 N 
Number of scans 1 
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5. Polishing of steeply curved surface using rotating-
sphere EEM 
The application of rotating-sphere EEM has 
conventionally been limited to flat surfaces and surfaces 
with small curvatures such as mirrors for hard X-rays 
[12]. In this study, we aim to utilize rotating-sphere 
EEM for a steeply curved surface such as the mandrel 
for an ellipsoidal mirror. Thus far, we have conducted a 
polishing experiment on a glass cylinder resembling a 
mandrel. We prepared a CMP-polished cylindrical glass 
work made of quartz, the same material as a mandrel. 
The diameter of the cylinder was 10 mm, chosen by 
considering the diameter of a mandrel 5.6 to 9.7 mm. 
We placed the cylindrical glass work vertically so 
that the axis of the rotating sphere and the axis of the 
work piece were parallel. First, we attempted stationary 
machining on the work surface by simply attaching the 
sphere to it. We applied a lower load than that applied 
when polishing a flat surface because the lubricated area 
was expected to be smaller on account of the steep 
curvature of the cylinder. By choosing an optimum load, 
we successfully obtained a stable spot machining 
footprint. 
Next, we conducted a scan polishing experiment on 
the same cylindrical glass work over an area of 5  0.5 
mm by moving the sphere up and down and feeding it 
from left to right on the glass cylinder (Fig. 6). The 
machining condition is shown in Table 2. Fig. 7 shows 
the cylinder-removed surface profiles of the work before 
and after EEM polishing. As a result, the RMS surface 
roughness of the CMP-polished cylindrical glass was 
reduced from 0.302 to 0.155 nm. Axial directional ridges 
are seen in the EEM-polished surface (Fig. 7(b)). 9 to 11 
μm intervals between the ridges are different from a 20 
μm feed pitch of the rotating-sphere. This discrepancy 
indicates that a footprint of the rotating-sphere has 
multiple valleys whose intervals are not integer 
multiples of the feed pitch. 
We carried out power spectral density (PSD) analyses 
on circumferential and axial direction, which directions 
are both important in attaining nanometer-size focusing. 
Circumferential directional PSD curves are shown in Fig. 
8. The figure indicates the decrease in surface roughness 
and error at spatial wavelengths ranging from a value 
less than 10 μm to 100 μm as well as the obvious peaks 
around 10 μm due to the ridges. Axial directional PSD 
curves showed the decrease at same spatial wavelengths. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Rotating-sphere EEM applied to cylindrical glass imitating 
mandrel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Cylinder-removed surface profiles of cylindrical glass. (a) 
Before process (RMS roughness 0.302 nm). (b) After one scan by 
rotating-sphere EEM (RMS roughness 0.155 nm). 
Table 2. Experimental conditions. 
Work Cylindrical glass (quartz) 
Diameter of rotating sphere 60 mm 
Rotation speed 450 rpm 
Load 0.23 N 
Number of scans 1 
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Fig. 8. Circumferential directional PSD analyses of preprocessed and 
EEM-processed cylindrical glass surfaces. 
6. Conclusion 
The surface roughness and error of a glass cylinder 
were effectively reduced in the spatial wavelength range 
from a value less than 10 μm to 100 μm, corresponding 
to the short- to medium-spatial wavelength range which 
is important in EUV and soft X-ray optical devices to 
enhance the mirror reflectivity and reduce light diffusion. 
The effect of axial directional ridges appeared in EEM-
polished surface on mirror performance is yet to be 
estimated, but the ridges can be expected to reduce by 
repetitive scanning. In summary, we demonstrated that 
rotating-sphere EEM is applicable not only to flat 
surfaces but also to cylindrical surfaces with high 
smoothing performance. Furthermore, we showed the 
applicability of rotating-sphere EEM to EUV and soft X-
ray optical devices with complicated surfaces such as 
ellipsoidal mirrors.  
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